We derive mass formulae for the ground state, J P = 0 − and 1 − , and first excited even-parity, J P = 0 + and 1 + , charmed mesons including one loop chiral corrections and O(1/m c ) counterterms in heavy hadron chiral perturbation theory. We show that including these counterterms is critical for fitting the current data. We find that certain parameter relations in the parity doubling model are not renormalized at one loop, providing a natural explanation for the observed equality of the hyperfine splittings of ground state and excited doublets.
I. INTRODUCTION
Excited charmed mesons with angular momentum and parity J P = 0 + and 1 + have been observed in several experiments. The masses of the J P = 0 + and 1 + charmed strange mesons, D s (2317) and D s (2460) [1, 2] , are below threshold for decays into ground state charmed mesons and kaons. The only strong decay modes are via isospin-violating π 0 emission, making the states quite narrow (Γ < 5.5 MeV). Other experiments [3, 4, 5] claim to observe the nonstrange J P = 0 + and 1 + states. These states can decay to the ground states by S-wave pion emission and therefore are quite broad (Γ ∼ 300 MeV).
The spectrum of the J P = 0 + and 1 + charmed mesons presents a number of puzzles for theory. Before their discovery, quark model and lattice calculations predicted that the masses of the J P = 0 + and 1 + charmed strange mesons would be significantly higher than observed [6, 7, 8, 9, 10] . Further, the hyperfine splittings of all ground state charmed mesons and the hyperfine splitting of the D s (2317) and D s (2460) are all equal to within 2%. This is surprising because there is no obvious symmetry of quantum chromodynamics (QCD) which predicts these equalities. Finally, the SU(3) splittings of the J P = 0 + and 1 + charmed mesons are much smaller than theoretical expectations.
In the heavy quark limit, the coupling of the heavy quark spin to the light degrees of The experimental data on the masses of the known charmed mesons is summarized in Table I 
= 141.9 ± 1.6 MeV
Here, the first three numbers are the hyperfine splittings quoted by the Particle Data
Group [12] . The last two numbers are obtained by taking the difference of the masses 
Even allowing for the large errors due to the uncertainty in the masses of the nonstrange
+ charmed mesons, the SU(3) splitting is far below theoretical expectations.
The D s (2317) and D s (2460) are only 40 MeV below the DK and D * K threshold, respectively. This fact as well as the puzzles mentioned above have led to the hypothesis that they are bound states of D ( * ) and K [13, 14, 15] . Several papers analyze the spectroscopy of excited charm mesons by extending the quark model to include couplings to the DK continuum. This coupled channel effect has been analyzed within the quark model [16] , chiral quark models [17, 18] as well as unitarized meson models [19, 20, 21] . The unitarized meson model has also been used to make predictions for the spectroscopy of excited B mesons [20, 22] given in section II and explicit formulae for the masses at one loop appear in the Appendix.
In section III, we attempt to fit the observed mass spectrum with our one-loop formulae.
The large number of free parameters makes it possible to reproduce the spectrum of
+ charmed mesons. In the m Q → ∞ limit our calculation of the difference of the SU(3) splittings in HHχPT agrees with Ref. [45] . Our analysis differs from that in
Ref. [45] in that we include 1/m Q operators and perform a global fit to the spectrum with all counterterms treated as free parameters. In the approximation used in Ref. [45] there is a single counterterm constrained using lattice data.
In section IV, we examine corrections to the hyperfine splittings and discuss the natural- 
II. HHχPT MASS COUNTERTERMS
In HHχPT, the ground state doublet is represented by the fields [23]
where a is an SU ( 
where the scalar states in the charm sector are S a = D 0a and the axial vectors are
. The kinetic terms of these fields are included in: The H self-energy diagrams with virtual S fields give a UV divergent contribution which survives in the m q → 0 and m Q → ∞ limit. Such a divergence must be canceled by a mass counterterm which respects SU(3) and heavy-quark spin symmetry and the only available counterterm is δ H TrH a H a . However, after one-loop divergences are canceled one is free to define the finite part of δ H for convenience.
The fields have axial couplings to the pseudo-Goldstone bosons,
where g, g ′ , and h are dimensionless constants to be determined from experiment. The other terms in the Lagrangian required are higher order mass counterterms. We use the notation of Ref. [38] and generalize it to include the S fields as well as the H fields.
where At tree level the residual masses are 
III. CHARMED MESON SPECTRUM
In this section we analyze the charmed meson spectrum using the one-loop mass formulae given in the Appendix. We will work in the isospin limit, where the masses of H 1 and H 2 , for instance, are identical. Then there are eight different residual masses:
, and m S * The tree level expressions in Eq. (8) reproduce these values with
S m = 129 ± 50 MeV, a H = 1.14 ± 0.06, a S = 0.21 ± 0.29, ∆ and/or Minuit. [48] The loop corrections depend on eleven parameters:
H m, and ∆ S + ∆ S cannot be separately determined because they always appear in linear combination with the parameters δ H , δ S , ∆ H , and ∆ S , respectively. Below we will absorb the contribution of the parameters
H , and ∆ (σ) S into the measured values of δ H , δ S , ∆ H , and ∆ S , respectively. An analysis of D * decays using a one-loop calculation without explicit excited states yields g = 0.27
−0.03 [50] . From the widths of the nonstrange resonances observed by Belle we have extracted h = 0.69 ± 0.09 at tree level [24] . Both couplings are of order unity and therefore consistent with naive power counting. The remaining parameters are unknown.
We use f = 120 MeV, which is the value extracted in Ref. [50] using the one loop formulae for pion and kaon decay constants, first derived in Ref. [51] . We set There are clearly many local minima which Minuit [48] may find. Some of these values of g and h significantly exceed values extracted from experiment in Refs. [49, 50] and Ref. [24] , respectively. They also exceed estimates based on the quark model [52] , extraction from lattice QCD simulations [53, 54] as well as sum rule constraints [55] . Again, however, it
is not clear what can be concluded when comparing parameters which are by themselves unphysical and whose definition depends upon the details of a calculation. Of perhaps more concern is that these fits produce large values for the hyperfine coefficients. The operators which cause hyperfine splitting should be 1/m Q suppressed compared to the leading order These parameter values lead to a prediction for the mass spectrum that also agrees with
Eq. (9).
The underconstrained nature of the various fits makes strong conclusions impossible.
In particular, the uncertainty in the parameter space is very large and the uncertainty in individual parameters is much greater than indicated by the errors quoted in the individual fits listed above. The situation should improve with a global fit to both masses and decay rates which uses a consistent set of next-to-leading order calculations that include the excited states. This work is in progress.
IV. HYPERFINE SPLITTINGS
In this section we study the one loop corrections to the hyperfine splittings to see if
HHχPT can provide insight into the observed near equality of the hyperfine splittings. Using the formulae in the Appendix we find that the next-to-leading order difference between evenparity and odd-parity hyperfine splittings in the strange sector is given by Ha and it is easy to verify that all contributions proportional to h 2 vanish, and the remaining terms are: group evolution. From our mass formulae it is easy to derive the following renormalization group equations for the renormalized parameters ∆ H and ∆ S :
which leads to
We also derive the one loop renormalization group equation for the couplings g and g ′ .
For this we need the wavefunction renormalization of the fields H and S, which is obtained from the graphs in Fig. 1 , and the one loop corrections to the axial couplings. The relevant graphs for the renormalization of g are shown in Fig. 2 , and the graphs for g ′ can be obtained from those in Fig. 2 by interchanging H and S lines. Note that we only need the ultraviolet divergences of these graphs to obtain the renormalization group equation. Furthermore, the counterterms for the wavefunction renormalization and the axial couplings are defined to be independent of m q and m Q . 
which can be rewritten as
To understand the significance of this result, consider the naive quark model prediction [40] . From the renormalization group equations in Eq. (17) one sees that g and g ′ vary with changes of the renormalization scale in such a way that the condition g ′ = g/3 can only hold at one value of µ. The quark model prediction is meaningless beyond tree level without also specifying a particular renormalization scheme and scale at which the relation is expected to hold. However, if g = ±g ′ holds at any µ, it will hold for all µ (at least at one loop order). Also, if g 2 = g ′2 and ∆ S = ∆ H the right hand side of Eq. (16) We will instead use the O(1/m Q ) HQET formulae for the mass of a heavy hadron X which contains a heavy quark Q [58] :
where λ 
which leads to the following formulae for the splitting of the even-and odd-parity states in the bottom sector:
A recent global fit to B decays yields λ S with conservative errors, we take λ
GeV, and m b = 4.8 GeV to find
In the bottom nonstrange sector, m Ref. [50] and Ref. [24] , respectively. However, the even-parity states were not included in the extraction of g in Ref. [50] . Also, the extraction of h was only performed at tree level. Since these values for g and h were not obtained under the same conditions as the mass calculations performed in this paper, it is not clear that the values should be used in our fit. Indeed, if the values from Refs. [50] and [24] are used, it is not possible to obtain the nonstrange evenparity masses as large as they are observed to be. If the g and h parameters are not fixed but simply constrained to lie between 0 and 1, which is the prejudice from other analyses, then a fit to the even-parity masses is possible. Because of the numerous undetermined parameters, HHχPT can accomodate, but not explain, the unusual pattern of SU (3) to O(Q 3 ) for both the odd-parity and even-parity meson decay rates must be done. That will be the subject of a subsequent paper.
Next we consider the parity doubling model introduced in Refs. [41, 42, 43, 44] . While the parity doubling model is not a result of QCD, but requires additional assumptions, it is interesting because it provides an explanation of the observed equality of the hyperfine splitting in the even-parity doublet and the hyperfine splitting in the odd-parity doublet.
QCD symmetries alone do not dictate any relationship between these hyperfine splittings.
While the parity doubling model provides an explanation for the equality of the hyperfine splittings, the question we address here is whether it is a natural explanation. That is, does it survive beyond tree level? Is it stable under RG flow? We find that there are "fixed lines" at |g| = |g ′ |. (These are axial operator coefficients from Eq. (6).) That is, if at any time in their evolution g = g ′ or g = −g ′ , RG analysis shows that the relationship will be maintained. This in turn assures that if at tree level the parameters ∆ H and ∆ S in Eq. (7) are equal, they remain so to one loop. This lends credence to the parity doubling model.
The stability found in the parity doubling model does not exist for other models, such as the nonrelativistic quark model, which predicts g ′ = g/3. Going back to the parameter fit, we do find that solutions with |g| near |g ′ | are possible, as are fits with ∆ H near ∆ S . However, such fits yield values for ∆ H and ∆ S which are larger than expected by power counting. In addition, there are fits which reproduce the observed hyperfine splittings without |g| ≈ |g ′ |.
Finally, we discuss how the charmed meson spectrum results can be used to make predictions for the analog B meson spectrum. It is necessary to know the charm and bottom quark masses in order to rescale the operators, which brings in significant uncertainty. Also, there are additional 1/m Q operators with unknown parameters. However, it is possible to use heavy quark effective theory to estimate that the even-parity strange spin-zero B meson has mass ∼ 5667 MeV while its spin-one partner has mass ∼ 5714 MeV. This places them below the threshold for decay to a kaon and the ground state B. Therefore, we expect We agree with Ref. [38] for the H fields in the limit where m π → 0, m 2 η → 4 3 m 2 K and η/M ≪ 1. Our answer also agrees with that of Ref. [45] , which computes mass corrections to the H and S masses including SU(3) breaking corrections but not hyperfine splittings.
